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I. INTRODUCTION

G
ENERATION of mode-locked pulses from monolithic semiconductor lasers is of great importance due to its promising applications in high speed optical communications and optical signal processing. Passive mode-locking based on an intracavity saturable absorber (SA) can generate short optical pulses with a high repetition rate and small frequency chirp, without suffering from the limitations of drive electronics [1] , [2] . Its inherent drawbacks of large timing jitter can be overcome by hybrid mode locking and synchronous mode locking techniques. However, these techniques require a high frequency driving signal with low noise, which limits the repetition rate of synchronized pulses. Recently, subharmonic synchronous mode locking and subharmonic hybrid mode locking, where the pulses are synchronized by injection of optical pulses and RF signal at a subharmonic of the cavity resonance frequency, have been developed to stabilize the passively mode-locked pulses from semiconductor lasers [3] , [4] , where the limitation imposed by drive electronics is alleviated. Characteristics such as timing jitter and suppression of amplitude modulation of generated pulses from SSML and subharmonically hybrid mode-locked (SHML) lasers have been investigated [3] , [4] , however, no experimental exploration has been carried out on the characterization of amplitude noise. This letter provides a detailed experimental investigation of broad-band amplitude noise in optical pulses generated by a SSML laser, continuing the work recently reported on amplitude noise of SHML pulses [5] . The experimental results show how amplitude noise is affected by the amplitude noise and pulsewidth of injected pulses, as well as frequency detuning and subharmonic num- bers. Compared with subharmonically hybrid mode-locked pulses [5] , SSML pulses exhibit lower amplitude noise at third to seventh subharmonic mode locking and larger frequency detuning range. Fig. 1 shows the experimental setup for investigating the amplitude noise from an SSML laser. The master laser is a gain-switched distributed-feedback (DFB) laser operating at 1550 nm. The slave laser is a monolithic semiconductor laser consisting of a saturable absorber (SA) section, a gain section, a phase control (PC) region, and a distributed Bragg reflector (DBR) section. The repetition rate of the SSML pulses is 40 GHz, with a center wavelength of 1547 nm.
II. EXPERIMENTAL SETUP
A tunable laser was injected into the master laser to control the amplitude noise. The pulses from the gain-switched DFB laser were linearly compressed from 19 to 6 ps by a 1-km-long dispersion compensation fiber ( ps/nm/km). An erbium-doped fiber amplifier (EDFA) was used to boost the power of the compressed pulses and an optical bandpass filter was provided to eliminate the spontanous emission noise from the EDFA. The pulses were then injected into the slave laser to stabilize the slave laser output. When the repetition rate of the optical pulses was at a subharmonic of the slave laser resonance frequency, SSML pulses were generated from the slave laser with 5-ps pulsewidth and 0.7-nm optical spectral width. The time bandwidth product was 0.44, which shows the generated pulses are nearly transform limited. Another bandpass filter was used at slave laser output, to remove the signal that may be present at the master laser wavelength. The output from the SSML laser was measured using an optical spectrum analyzer, an auto-correlator, a 22-GHz HP 7400, a lightwave analyzer, and a 40-GHz HP 8564E RF spectrum analyzer in conjuction with a 45-GHz photodetector.
III. AMPLITUDE NOISE FROM THE SSML LASER
The root-mean-square amplitude noise of mode-locked pulses is given by the integration of the relative intensity noise [6] , [7] . In this experiment, the integration range was chosen from 100 MHz to 20 GHz.
The amplitude noise characteristics from the SSML laser were studied first using the fourth subharmonic synchronous mode locking, where the frequency of master laser output is one quarter of the repetition rate of slave laser output, then the dependence of amplitude noise on subharmonic numbers was also investigated. Fig. 2 shows the dependence of amplitude noise from the SSML laser on that from the master laser. Amplitude noise from the master laser was controlled by changing the injected optical power of the tunable laser at the master laser emission frequency [8] . As the amplitude noise of the master laser was increased from 0.019 to 0.058, the amplitude noise of the SSML pulses increased from 0.0095 to 0.018. Since the slave laser is a long cavity laser and has a lower relaxation oscillation frequency ( 3.5 GHz) than that of the master laser ( 8 GHz) and the measured RIN of both the slave laser and master laser output around relaxation oscillation frequency has almost the same value. Therefore, the amplitude noise from the slave laser is less than that from the master laser.
The pulsewidth of the injected pulses was controlled by tuning the bias current of the master laser. Fig. 3 shows the amplitude noise and phase noise from fourth SSML laser as a function of the pulsewidth of injected pulses. Both amplitude noise and phase noise from the SSML laser decrease as the injected pulses become shorter. For shorter pulses, the injected pulse train has more RF power at higher harmonic components, e.g., higher RF power at the slave laser resonance frequency. This facilitates the stabilization of the passively mode-locked laser, reducing fluctuations in both round-trip frequency and mode intensity, which reduce both the phase noise and amplitude noise. Fig. 4 shows the frequency detuning characteristics of the amplitude noise. When the fourth-harmonic of the injected signal from the master laser was tuned away from the cavity round-trip frequency, both phase noise and amplitude noise increased, due to the degradation of stabilization in both round-trip frequency and mode intensity.
The subharmonic number also affects the amplitude noise from the SSML laser. Fig. 5 shows the dependence of amplitude noise from the SSML laser (open squares) and that from the master laser (solid circles) on the subharmonic number. For each subharmonic, the phase noise from the SSML laser at 10-kHz offset frequency was kept constant at around 93 dBc/Hz by adjusting the optical power of injected pulses, while the optical power of injected pulses was higher at higher subharmonic number. Therefore, the amplitude noise affected by the correlation of amplitude noise and phase noise is same for all subharmonic numbers. The amplitude noise from the SSML laser increased rapidly from the third to the ninth subharmonic, but slowed dramatically from the ninth subharmonic onward. The amplitude noise from the SSML laser shows the same trend as the amplitude noise of the master laser output, which is consistent with the correlation from Fig. 2 . High subharmonic numbers (i.e., low frequencies) give more cost-effective stabilization, but Fig. 5 shows that this must be balanced against amplitude noise considerations.
IV. CONCLUSION
Broad-band amplitude noise (from 100 MHz to 20 GHz) of 40-GHz pulses generated from a SSML laser is investigated. Amplitude noise from a SSML laser is strongly affected by the amplitude noise and pulsewidth of injection pulses from the master laser, by frequency detuning and subharmonic number. In order to obtain a pulse train from a SSML laser with small amplitude noise, zero detuning, a small subharmonic number and a master laser with low amplitude noise and narrow pulsewidth output are required.
